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The bactericidal action of penicillin is presently believed to result from
alterations in nucleotide and peptide metabolism related to the structure
of bacterial cell wall material. Park and Strominger have shown that in
the penicillin-sensitive staphylococcus the drug causes the rapid accumu-
lation of a group of uridine nucleotides."' These compounds contain a
hexosamine, acetylmuramic acid, and peptides of D-glutamic acid, L-lysine,
and D- and L- alanine." These substances are components of the staphy-
lococcal cell wall and have been shown to be present in the same ratio in
the nucleotides and in the cell wall.1'
In gram negative bacteria such as E. coli penicillin is known to induce
the development of osmotically unstable spherical forms which undergo
rapid lysis.' Lederberg5 and others8 have recently demonstrated that a
concentrated sucrose medium will prevent this lysis, and the stabilized
round forms which develop have been designated protoplasts.5 They pre-
sumably represent a form of the bacterium with some alteration of cell
wall structure. A polysaccharide present in the E. coli cell wall is known
to contain muramic acid, glucosamine, alanine, diaminopimelic acid, glu-
tamic acid, lysine, and glycine,' and it is this complex polysaccharide which
appears to be altered by penicillin in inducing protoplast formation.60
17
The accumulation of uridine nucleotides in the staphylococcus suggested
that the change in cell wall properties in the E. coli protoplasts might also
be accompanied by an alteration in nucleotide metabolism. This paper
describes a study of the acid-soluble nucleotides and the nucleic acids of
the penicillin protoplasts and the normal rod-shaped E. coli from which
they are derived.
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METHODS
Culture of organism
Escherichia coli (ATCC 9637) was maintained on agar slants and used throughout.
Two culture media were employed. Medium E" contained inorganic salts and
glucose. Medium A had the following composition:
Difco Bacto Yeast Extract ........ .......... 1.5 gm.
Difco Bacto Nutrient Broth ........ .......... 6.5 gm.
MgSO4 7H20 ................................ 4.2 gm.
Medium E stock buffer" .......... ............ 20.0 ml.
Sucrose (commercial granulated sugar) ...... 200 gm.
Glucose ..................................... 5.0 gm.
Distilled water to make ......... ............ 1,000 ml.
The glucose and sucrose were autoclaved separately in concentrated solutions and
then added to the complete medium.
All cultures were inoculated with 5 to 20 ml. of a late logarithmic phase culture in
Medium E. Intact bacteria for nucleotide fractionation were grown in Medium A
mixed with one-third volume of Medium E. These cultures were incubated at room
temperature with shaking in three-liter bacterial culture flasks or in vigorously aerated
eight-liter bottles and were harvested late in the logarithmic phase of growth.
Preparation of protoplasts
One volume of an overnight culture grown in Medium E at 370 was added to three
volumes of Medium A supplemented with 1,000 units per mililiter of crystalline sodium
or potassium penicillin G. The resulting mixture (2 to 8 liters) was incubated at
room temperature either with shaking or aeration as in the normal bacteria cultures.
Morphological changes (in gram or methylene blue stains) were almost identical with
those described by Lederberg." Incubation was continued until 80 to 90 per cent of
the cells were transformed to rounded or slightly irregular three- to five-micron
spheres.
Harvesting and separation of components
Intact bacteria or protoplasts were harvested using either a Sharples or conventional
centrifuge and washed three times with a solution of 20 per cent sucrose in 0.2 per cent
MgSO4. (Stained slides showed no morphological change during these procedures.)
Sufficient perchloric acid (PCA) was then added to give a volume four times that
of the sedimented bacteria and a final concentration of 6 per cent. This mixture was
stirred gently at 0° for 15 minutes. The supernate (acid-soluble fraction) was separated
by centrifugation and neutralized to pH 7 with KOH. After standing at least one
hour at 40, the light green supernate was separated from the potassium perchlorate
precipitate. The volume and optical density at 260 and 280 m,z were then measured.
After washing the material originally precipitated by perchloric acid with four
volumes of cold 6 per cent PCA, the nucleic acids were dissolved by heating 30 to
45 minutes with 25 ml. of 6 per cent PCA in a boiling water bath. The protein which
remained in the precipitate was then dissolved by gentle warming in 0.5 N NaOH.
Fractionation of acid-soluble nucleotides
The acid-soluble fraction was analyzed by gradient elution from Dowex-1 (formate)
ion exchange resin by the procedure of Hurlbert et al.' A column 2 cm. in diameter
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and 15 cm. in length was employed. The mixer volume varied from 400 to 800 ml.,
and the resin was eluted successively with two mixer volumes, of 4 N formic acid, and
0.2 N, 0.4 N, and 0.8 N ammonium formate in 4 N formic acid. The fractions com-
prising the principal ultraviolet absorption peaks were then pooled, and the optical
density at 260 and 280 m, was measured. If the peak had been eluted with ammonium
formate, the nucleotides were adsorbed on charcoal and, after washing to remove
adhering salt, were eluted with a mixture of ethanol and concentrated ammonium
hydroxide. The pooled peaks were then evaporated to dryness under reduced pressure.
Determination of RNA, protein, and DPN
Protein was measured by the Folin reaction,' RNA by the orcinol method,1' and
IDPN by reduction with alcohol dehydrogenase.' RNA determinations on the last
PCA washing of the nucleic acids showed negligible interference from residual sucrose.
Characterization of nucleotides by paper chromatography
All chromatograms were run descending; and for analytical purposes Whatman
number 1 paper was employed. Unhydrolyzed nucleotides were tentatively identified
using n-butanol-acetic acid-water (2: 1: 1) and a propanol-ammonium sulfate solvent.'
The latter was prepared by dissolving 600 gm. of ammonium sulfate in 1 liter of
0.1 M sodium phosphate buffer which had been adjusted to pH 6.8 with HCl and
adding 20 ml. of n-propanol to the resulting solution. Fractions from the ion exchange
column were further purified by chromatography on Whatman number 2 paper in
butanol-acetic acid-water.
Nucleotides were hydrolyzed for eight hours in 6 N HCI in a sealed tube at 1000
following which the HCl was removed by evaporation under reduced pressure. For
subsequent chromatography, the following systems were employed: n-butanol-acetic
acid-water (2: 1: 1) and (4: 1: 5),' phenol-water (4: 1 with small volume dilute
NH4OH in tank), phenol-water (4:1),'5 2,4-lutidine-water (3: 2),' and methanol-
pyridine-10 N HCI-water (80-10-2.5-17.5).1' Phenol was distilled before use. Purines
and pyrimidines were detected by their ultraviolet absorption and amino acids and
hexosamines by spraying with a solution of 0.5 per cent ninhydrin and 1 per cent
collidine in 95 per cent ethanol in a manner similar to the method of Levy and Chung.'
Hexosamines were also detected separately by a modification'9 of the Elson-Morgan
procedure of Partridge.'
Chromatograms of unknown solutions were run in the presence of appropriate
standards. The standard amino acid mixtures of Levy and Chung were employed.7 Since
muramic acid was not available, the Rf of the farther moving of the hexosamines of
the nucleotide fractions was measured relative to an alanine standard. The values so
obtained were compared with figures given by Park' for the relative mobility of
muramic acid in the same solvent systems. Agreement with the published values was
within 8 per cent.
RESULTS AND DISCUSSION
The total acid-soluble nucleotide content of the penicillin-inhibited sensi-
tive staphylococcus is approximately twice that of the normal organism.'
This increase results from the accumulation of amino-acid-containing uri-
dine nucleotides.' No comparable increase in total acid-soluble nucleotide
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content was observed in the E. coli protoplasts. The relative amounts of
nucleotides, RNA, and protein are given in the table and are almost identi-
cal in the normal E. coli and protoplasts.
Ultraviolet absorbing matarial was eluted from the ion exchange column
throughout the entire range of formate ion concentration. In both normal
TABLE 1. RELATIVE AMOUNTS OF VARIOUS SUBSTRATES IN
NORMAL E. Coli AND PENICILLIN PROTOPLASTS
Total
acid-soluble Total ofamino acid
RNA nucleotides DPN nucleotide fractions
Mgm. RNA
(as AMP O.D. O.D. 260 m,u x volume ofpeakl
in orcinol 260 m,u x O.D. 260 m,u x volume of total
reaction)/ volumel acid soluble fraction
mgm.protein mgm. protein
Protoplasts
(Mean + standard 0.230 0.390 0.318 0.032
deviation of mean) +0.046 +0.047 ±0.053 +0.015
Normal E. coli
(Mean + standard 0.256 0.370 0.122 0.097
deviation of mean) +0.046 ±0.047 ±0.053 ±0.015
Difference not not
(protoplasts- signifi- signifi- 0.196 -0.065
normal E. coli) cant* cant* (p=0.01) (p<0.05)
Number of observations 15 13 8 5
* The minimum difference that could have been detected (would have been statistically
significant) with the observed standard deviations are 0.098 and 0.120 for the RNA and
nucleotide determinations respectively; (p=0.05). These would correspond to increases
of the protoplasts of 38 and 32 per cent of the normal E. coli values.
E. coli and protoplasts the eluted fractions may be grouped into a series
of comparable peaks. Two large peaks appeared in the early portion of
the formic acid gradient section of the elution at positions compatible with
DPN (peak 1) and AMP (peak 2).
On chromatography in butanol-acetic acid and propanol-ammonium sul-
fate, peak 1 yielded a component with the mobility of DPN. Its identity
was confirmed by assay with alcohol dehydrogenase which demonstrated
that 97 per cent of the ultraviolet absorption of a sample eluted from paper
could be accounted for as DPN. An estimate of the DPN content relative
to the total ultraviolet absorption of the acid-soluble fraction is given in
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FIG. 1. Ion exchange chromatograms of the acid-soluble fraction of penicillin
protoplasts and normal E. ccli. The ultraviolet absorption of successive fractions from
the column is plotted on the ordinate, but only the portion of the elution using 0.2 N
ammonium formate in 4 N formic acid is shown in the figure. As indicated by the
arrows, the eluted fractions have been grouped into a series of peaks, the composition
of which is discussed in the text.
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the table. This substance is the single nucleotide present in the greatest
quantity. The relative amount in the protoplasts is increased to approxi-
mately 2.5 times that in the normal rod-shaped E. coli. A similar phe-
nomenon apparently does not occur in the penicillin-inhibited sensitive
staphylococcus,' and the mechanism of the increase in the protoplasts is
not known.
Peak 2 on chromatography in the same solvent systems yielded one com-
ponent with a mobility and spectrum identical to those of adenylic acid.
The relative amount of this substance was approximately the same in the
two bacterial forms.
The material eluted by 0.2 N ammonium formate in 4 N formic acid
was grouped into a series of smaller, less well-defined peaks as shown in
the diagrams of Figure 1. In the subsequent portions of the elution using
0.4 N and 0.8 N aminonium formate in 4 N formic acid, there appeared
a series of small peaks containing amounts of ultraviolet absorbing mate-
rial insufficient for characterization. Study of the peaks shown in the
figure was directed towards detecting amino acids or hexosamines. To
obtain sufficient quantities of material for characterization, 16-liter cultures
of normal E. coli and 48-liter cultures of protoplasts were prepared, and
peaks from three protoplast cultures and a single normal E. coli culture were
then studied.
In the normal E. coli, peak 3 yielded five components on hydrolysis:
uracil, muramic acid, glucosamine, glutamic acid, and glycine. Peak 4
gave these same substances and in addition alanine and diaminopimelic
acid. A drawing of one of the chromatograms from this peak is shown in
Figure 2. Peak 5 contained uracil and no amino acids or hexosamines. In
the protoplasts peak 3 yielded uracil, muramic acid, glucosamine, glutamic
acid, and glycine and was thus similar in composition to the corresponding
peak in the normal E. coli. However, both peaks 4 and 5 gave uracil and
no amino acids or hexosamines. The protoplasts thus appear to lack the
nucleotide fraction containing diaminopimelic acid and alanine. Diaminopi-
melic acid was identified by its mobility and color in the methanol system
of Ruhland'8 designed for its detection and by the characteristic yellow
color which its spot was found to develop on standing 24 hours after
chromatography in the lutidine solvent. Each protoplast fraction was
chromatographed in one or both of these systems, and in no case was
diaminopimelic acid found, though it was present in one of the normal
E. coli fractions.
The quantitative composition of these nucleotide fractions was not estab-
lished. With the techniques employed, it is possible to state only that the
amount of uracil and amino acids seemed of the same order of magnitude.
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FIG. 2. Paper chromatogram of normal E. coli nucleotide fraction (peak 4 in Fig. 1.)
run in n-butanol-acetic acid-water, 2: 1: 1. After removal from the tank the paper
was cut along the broken line and the two portions treated as indicated. The hydro-
lyzed nucleotide solution was applied to the paper at the two points marked A.
Abbreviations are as follows: Ala-alanine, Arg-arginine, Asp-aspartic acid, Cys-
cystine, DAP-a,e-diaminopimelic acid, Gla-D-glucosamine, Glu-glutamic acid, Gly-
glycine, His-histidine, Ileu-isoleucine, Leu-leucine, Lys-lysine, Met-methionine, Mur-
muramic acid, Phe-phenylalanine, Pro-proline, Ser-serine, Thr-threonine, Try-trypto-
phan, Tyr-tyrosine, Ura-uracil, Val-valine.
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The molecular homogeneity of the fractions was not shown in these experi-
ments; they merely demonstrated the association of the various components
in the same ultraviolet absorption peaks. The presumption that the amino
acids and hexosamines were part of an original nucleotide compound is
not proved but seems warranted from the nature of the separation and
extraction methods employed. The glucosamine seen in the chromatograms
could have been derived from free glucosamine linked to a nucleotide or
could have been a product of the cleavage of the ether linkage of muramic
acid.
Isolation of these fractions suggests that in E. coli as in S. aureus,
uridine nucleotides of a similar type play a role in formation of complex
wall polysaccharide. After this work was completed, Strominger' reported
the isolation from a mutant strain of E. coli, of a uridine diphosphate
nucleotide containing muramic acid, alanine, diaminopimelic acid and
glutamic acid. The probable relationship of this compound (which did
not contain glycine) to the nucleotide fractions described in the present
study remains to be demonstrated.
An estimate of the relative amounts of amino-acid-containing fractions
in protoplasts and normal E. coli is given in the table. Because the com-
pounds appear to be qualitatively different in the two cell forms, the sig-
nificance of the somewhat greater amount in the normal bacteria is not
clear. Strominger found the accumulation of uridine nucleotides in
S. aureus resulted in a series of large peaks in the elution from the peni-
cillin-treated bacteria.' The amount of nucleotide-linked hexosamine was
very much greater in the penicillin-inhibited bacteria.' It is apparent both
from the elution diagrams and the table that no comparable accumulation of
peptide nucleotides occurs in the penicillin protoplasts of E. coli. The differ-
ence in amino acid composition, however, was found consistently in all cul-
tures studied. These results are consistent with the recent demonstration of
Nathenson and Strominger that penicillin inhibits incorporation of diamino-
pimelic acid into the cell wall of E. coli.'
The findings of the present study suggest that in E. coli penicillin
affects incorporation of substances such as diaminopimelic acid into pep-
tide nucleotides. In staphylococci a muramic acid pentapeptide nucleo-
tide accumulates in the presence of penicillin."'3" This has been interpreted
as indicating that the antibiotic blocks the transfer of hexosamine-peptide
groupings from this nucleotide to the cell wall.' In E. coli, on the other
hand, penicillin seems to alter the incorporation of amino acid components
into the peptide chain of the nucleotide. It might in this way interfere with
formation of nucleotide precursors of cell wall material.
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The lack of accumulation of peptide nucleotides in the penicillin proto-
plasts is in keeping with results in certain resistant gram-positive species.
In these strains no accumulation of hexosamine nucleotides occurred even
when the cultures were treated with bactericidal concentrations of peni-
cillin.' The organisms studied were S. faecalis and a laboratory developed
resistant strain of S. aureus which presumably did not produce penicilli-
nase.' Although the mechanism underlying action of the drug in these
organisms is not known, it would seem from the results in the E. coli
protoplasts that cell wall formation may be altered without the accumula-
tion of uridine nucleotides observed in sensitive strains of the staphylo-
coccus.
These experiments do not definitely establish that penicillin interferes
with formation of nucleotide precursors of the cell wall of E. coli. Although
the results do suggest such a mechanism, naturally other interpretations
are possible. For example, a pentapeptide nucleotide might be produced
in the protoplasts and diffuse (through the altered cell wall) into the cul-
ture medium. Since no decrease was observed in the quantities of other
component nucleotides or in total nucleotide content in the protoplasts, the
alteration in permeability of the wall would necessarily have to be some-
what selective. However, the medium was not examined for nucleotides,
and such a possibility cannot be definitely excluded. This limitation as
well as the crude characterization of the nucleotide fractions and the com-
plexity of the underlying biochemical mechanisms necessarily qualify any
specific mechanism that might be proposed on the basis of the experiments
described in this paper.
SUMMARY
The nucleic acids and soluble nucleotides of penicillin-induced proto-
plasts of E. coli have been compared with those of the normal rod-shaped
organisms.
No appreciable difference was found in the RNA and total nucleotide
content of the two bacterial forms. The DPN content of the protoplasts
was approximately 2.5 times that of the normal E. coli.
A nucleotide fraction from the normal E. coli yielded on hydrolysis ura-
cil, muramic acid, glucosamine, glutamic acid, and glycine. A second frac-
tion contained all these components and in addition alanine and diamino-
pimelic acid.
A fraction from the protoplasts contained the same five substances as
the first normal E. coli fraction. The peak which seemed to correspond
with the fraction containing alanine and diaminopimelic acid, however,
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yielded uracil and no amino acids. The amino-acid-containing nucleotide
fractions were not increased in the protoplasts compared with the control
normal E. coli.
The findings suggest that in E. coli, penicillin may alter incorporation of
components such as diaminopimelic acid into nucleotide precursors of the
cell wall.
ACKNOWLEDGMENT
I wish to thank Dr. Charles Carter of the Department of Pharmacology, Yale
University School of Medicine. His guidance and encouragement throughout the
research work and during the preparation of this paper were deeply appreciated.
REFERENCEIS
1. Abraham, E. P.: Penicillinase. In: The enzymes. Sumner, J. B. and Myrback, K.,
Eds., vol. 1. New York, Academic Press, Inc., 1951.
2. Ciotti, M. M. and Kaplan, N. O.: Procedures for determination of pyridine
nucleotides. In: Methods in enzymology. Colwick, S. P. and Kaplan, N. O.,
Eds., vol. 3. New York, Academic Press, Inc., 1957.
3. Hahn, F. E. and Ciak, J.: Penicillin-induced lysis of Escherichia coli. Science,
1957,125, 119.
4. Hurlbert, R. B., Schmitz, H., Brumm, A. F., and Potter, V. R.: Nucleotide
metabolism. II. Chromatographic separation of acid-soluble nucleotides. J.
biol. Chem., 1954, 209, 23.
5. Lederberg, J.: Bacterial protoplasts induced by penicillin. Proc. nat. Acad. Sci.
(Wash.), 1956, 42, 574.
6. Lederberg, J. and St. Clair, J.: Protoplasts and L-type growth of Escherichia coli.
J. Bact., 1958, 75, 143.
7. Levy, A. L. and Chung, D.: Two-dimensional chromatography of amino acids on
buffered papers. Analyt. Chem., 1953, 25, 396.
8. Liebermeister, K. and Kellenberger, E.: Studien zur L-form der Bakterien. I. Die
Umvandlung der Bazillaren in die Globulare Zellform bei Proteus unter
Einfluss Von Penicillin. Z. Naturf., 1956, llb, 200.
9. Lowry, 0. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J.: Protein
measurement with the folin phenol reagent. J. biol. Chem., 1951, 193, 265.
10. McQuillen, K.: Bacterial "protoplasts," effects of diaminopimelic acid deprival and
penicillin addition compared in Escherichia coli. Biochim. Biophys. Acta, 1958,
27, 410.
11. Nathenson, S. and Strominger, J. L.: Effects of penicillin on bacterial cell wall
synthesis in E. coli and S. aureus. Fed. Proc., 1959, 18 (abstract no. 1685).
12. Pabst Laboratories: Ultraviolet absorption spectra of 5'-ribonucleotides, Circular
OR-10. Milwaukee, Pabst Brewing Co., 1956.
13. Park, J. T.: Uridine-5' pyrophosphate derivatives. I. Isolation from Staphylo-
coccus aureus. II. A structure common to three derivatives. III. Amino-acid
containing derivatives. J. biol. Chem., 1952, 194, 877, 885, 897.
14. Park, J. T. and Strominger, J. L.: Mode of action of penicillin. Science, 125, 99,
1957.
15. Partridge, S. M.: Filter-paper chromatography of sugars. I. General description
and application to the qualitative analysis of sugars in apple juice, egg white,
and foetal blood of sheep. Biochem. J., 1948, 42, 238.
16. Ruhland, L. E., Work, E., Denman, R. F., and Hoare, D. A.: The behavior of
the isomers of a, e-diaminopimelic acid on paper chromatograms. J. Amer.
chem. Soc., 1955, 77, 4844.
118Penicillin protoplast nucleotides I SMITH
17. Salton, M. R. J. and Shafa, F.: Some changes in the surface structure of gram
negative bacteria induced by penicillin action. Nature, 1958, 181, 1321.
18. Schneider, W. E.: Determinations of nucleic acids in tissues by pentose analysis.
In: Methods in enzymology, Colwick, S. P. and Kaplan, N. O., Eds., vol. III.
New York, Academic Press, Inc., 1957.
19. Smith, I.: Chromatographic techniques. London, William Heinemann Medical
Books, Ltd., 1958.
20. Strominger, J. L.: Microbial uridine-5' pyrophosphate N-acetylamino sugar com-
pounds, I. Biology of the penicillin induced accumulation. J. biol. Chem., 1957,
224, 509.
21. Strominger, J. L., Scott, S. S., and Threnn, R. H.: Isolation from E. coli of a
uridine nucleotide containing diaminopimelic acid. Fed. Proc., 1959, 18
(Abstract No. 1323).
22. Vogel, H. J. and Bonner, D. M.: Acetylornithinase of Escherichia coli: partial
purification and some properties. J. biol. Chem., 1956, 218, 97.
23. Weidel, W. and Primosigh, J.: Biochemical parallels between lysis by virulent
phage and lysis by penicillin. J. gen. Microbiol., 1958, 18, 841.
119